Abstract Radiogenomics is a provocative new area of research based on decades of previous work examining the association between radiological and histological features. Many generalized associations have been established linking anatomical imaging traits with underlying histopathology, including associations between contrast-enhancing tumor and vascular and tumor cell proliferation, hypointensity on pre-contrast T1-weighted images and necrotic tissue, and associations between hyperintensity on T2-weighted images and edema or nonenhancing tumor. Additionally, tumor location, tumor size, composition, and descriptive features tend to show significant associations with molecular and genomic factors, likely related to the cell of origin and growth characteristics. Additionally, physiologic MRI techniques also show interesting correlations with underlying histology and genomic programs, including associations with gene expression signatures and histological subtypes. Future studies extending beyond simple radiology-histology associations are warranted in order to establish radiogenomic analyses as tools for prospectively identifying patient subtypes that may benefit from specific therapies.
radiology in order to better characterize individual patient tumor biology and behavior.
The progression of pathological and radiological sciences has largely been advancing in parallel over the decades, with very little formal cross-pollination until relatively recently. Molecular and genomic characterization of GBM has uncovered distinct phenotypes that appear to have differential prognosis and response to therapy. For example, GBM tumors exhibiting hypermethylation of the O 6 -methylguanine-DNAmethyltransferase (MGMT) gene have been shown to have improved prognosis due to increased sensitivity to alkylating agents such as temozolomide, carmustine (BCNU), and lomustine (CCNU) [5, 6, 7•] . Additionally, both Verhaak et al. [4•] and Phillips et al. [8•] identified distinct molecular subclasses of high-grade gliomas with significantly different prognoses. Concurrent with these observations, radiologists and imaging scientists have uncovered a variety of radiographic features that provide insight into aggressivity and biology of malignant gliomas. For example, GBM typically contains central areas of necrosis, thickened irregular walls that enhance after administration of exogenous contrast agents, and is surrounded by regions of relatively extensive vasogenic edema. Many investigators have noted that the extent of these features, namely necrosis and the amount of edema, is associated with differences in survival [9-11, 12•, 13••]. Radiogenomics (or imaging genomics), the study of the association between radiographic and pathologic features, represents a new horizon in cancer research that focuses on the intersection of these two diagnostic disciplines. The field of radiogenomics holds great promise of the eventuality of inexpensive, noninvasive phenotyping of tumors for use in individualized patient therapies or treatment strategies by inferring genomic or pathologic characteristics from radiographic information. The current manuscript summarizes the current status of radiogenomics and imaging-based phenotyping in GBM, and then integrates this information to provide predictions and future directions for the field.
Anatomical Imaging Pathology Associations
As the name implies, GBMs are known for their heterogeneity, which extends across multiple scales. In particular, GBMs are heterogeneous in their genetic and epigenetic makeup, levels of protein expression, metabolic or bioenergetic behavior, along with their microenvironment biochemistry and structural composition. The amalgamation of these various changes is manifested as abnormalities observed on both gross histology and radiographic images. This multiscale heterogeneity can vary both across patients as well as spatially throughout a single tumor, reflecting broad genetic alterations in the disease and local adaptations of the disease to microenvironmental cues, respectively. Indeed, early image-guided proteomic studies have shown that areas of nonenhancing tumor vary dramatically in their protein expression compared with that of contrast-enhancing tumor, suggesting a fundamental biological difference between these radiographically defined regions [14] .
Despite this heterogeneity, there are many common characteristics of GBM recognized both radiographically and pathologically [15•] . For example, most GBMs (with certain exceptions discussed later) show enhancement after administration of exogenous contrast either on MRI or computed tomography (CT), which has been shown to be directly due to an increase in vascular permeability often accompanied by neovasculature as a consequence of malignancy [16, 17] . Careful biopsies of areas of contrast enhancement on CT have also been shown to contain the most proliferative areas of the tumor [18] , as angiogenesis allows for tumor to proliferate at much higher rates [19] . In addition to enhancement on postcontrast anatomical images, most GBMs commonly exhibit the presence of necrosis, either centrally or diffuse, discernable as low attenuation on unenhanced CT or low signal intensity on pre-contrast T1-weighted MR images due to an increase in both intra-and extracellular mobile water. Additionally, all GBMs have regions of high T2-weighted MRI signal intensity, which reflects increased water mobility in areas of both edema and nonenhancing tumor. Differentiating edema and nonenhancing tumor can be difficult; however, numerous studies have shown that edema tends to be brighter on T2-weighted images compared to that with nonenhancing tumor [12•, 20••], which is directly due to edema having a longer tissue T2 and normal brain tissue having a shorter T2 compared with nonenhancing tumor [21] [22] [23] . Together, these attributes have formed the basis for biological justification in the use of CT and MRI as surrogates of tumor burden in GBM for use in therapeutic response assessment [24] [25] [26] [27] .
Anatomical MRI including T2-weighted images, T2-weighted fluid attenuated inversion recovery (FLAIR) images, along with pre-and post-contrast T1-weighted images are the modalities of choice for brain tumor imaging. MRI is typically chosen over other anatomical imaging techniques such as computed tomography (CT) due to the high contrast within soft tissues and high sensitivity for lesion delineation. Additionally, MRI is attractive because it does not involve ionizing radiation, and it is extremely flexible in that it can provide a variety of image contrasts based on quantum mechanical characteristics unique to the tissue (e.g., T1 and T2 characteristics), microscopic mobility of water molecules (e.g., T2 and diffusion MRI), oxygenation status (e.g., susceptibility and blood oxygenation level detection, or BOLD imaging), mobile metabolite concentration (e.g., MR spectroscopic imaging and chemical shift imaging), and other physiological parameters. Thus, the following radiogenomic discussion will focus almost exclusively on MRI features, as they are the most common encountered clinically.
Tumor Location May Reflect Cell of Origin
There is significant evidence to support the hypothesis that tumor location plays a pivotal role in patient prognosis [28] . This observation is likely reflective of genetic attributes of the tumor cells of origin [29, 30] , as region-specific brain tumor cells of origin have been identified for oligodendrogliomas [31] , medulloblastomas [32] , ependymomas [33] , and IDH1 mutant GBM [34] . Recently, we presented a widespread examination of the relationship between tumor location and various phenotypes and clinical variables in a "probabilistic radiographic atlas" of more than 500 GBM patients, noting several interesting and new associations [13••]. For example, younger patients (<55 years old) tend to have more frontal tumors, whereas older tumors tend to be localized more posterior; IDH1 mutant tumors tend to be localized to the frontal lobe and adjacent to cells near the subventricular zone (SVZ) [13••, 34]; and MGMT promoter methylated tumors tend to be more frequent in the left temporal lobe, whereas MGMT unmethylated tumors tend to be right hemispheric [13••, 35] . Interesting interactions were also noted, including a preference for MGMT unmethylated, mesenchymal, and epidermal growth factor receptor (EGFR)-amplified tumors to be localized to the right insula, thalamus, and temporal lobe regions extending to the posterior lateral ventricles adjacent to the SVZ (Fig. 1a, b) , a region of the brain known to harbor adult stem cells. In fact, tumors growing in regions thought to contain neural stem cells have been shown to predict both invasive and multifocal radiographic phenotypes [36] . These regions were also associated with a high probability of having a short survival (overall survival (OS) <12 months) [13••] . In addition to these observations, there appears to be frontal predominance of younger, IDH1 mutant, chromosome 10 monosomy, and proneural tumors (Fig. 1c, d ). Frontal lobe involvement and preference for the proneural subtype have previously been shown to be associated with IDH1 mutant GBMs [34, 37] , as these types of tumors are hypothesized to develop from a specific cell of origin [34] . Separate regions in the left temporal pole extending to the left insula were also identified to be commonly associated MGMT methylated, EGFR-amplified, and EGFRvIII mutant GBMs. This region was also associated with a favorable response to radiochemotherapy (progression-free survival (PFS) >6 months) and favorable overall survival (OS >12 months) [ 
Thus, it appears that radiographic atlases providing associations liking tumor location to various clinical, -omic, and interventional phenotypes may provide a valuable tool for potentially understanding the nature of brain tumor cells of origin and may be an intuitive starting point toward individualized medicine on the basis of radiogenomic phenotyping.
Associations Between Tumor Size and Molecular Characteristics
As alluded to previously, radiologic and pathologic attributes associated with poor prognosis were independently identified such that many broad generalizations of tumor biology can be deduced through the use of standard anatomical MRI. Relatively recently, investigators have begun to explore more complex associations between tumor size measurements and genetic or molecular composition. Our investigations [13••] at initial diagnosis have shown that MGMT unmethylated tumors tend to have higher volumes of both enhancement (T1 + C) and T2/FLAIR hyperintensity compared with methylated tumors (Fig. 2a) , IDH1 mutant GBMs have a significantly lower volume of enhancement (Fig. 2b) , and EGFR-amplified tumors have a significantly higher volume of both enhancement and T2/FLAIR hyperintensity (Fig. 2e) . Interestingly, Diehn et al. [38] also noted that GBMs with overexpression of EGFR tended to have higher contrast-enhancing tumor volume. However, we have also noted no difference in enhancing or T2/FLAIR volumes in patients with chromosome 10 monosomy vs. polysomy (Fig. 2c) , intact vs. deficient phosphatase and tensin homolog (PTEN) (Fig. 2d ), or EGFRvIII mutants vs. wild types (Fig. 2f) . Similarly, Naeini et al. [39•] demonstrated that volumes of both contrast enhancement and necrosis at the time of initial diagnosis are higher in tumors with the mesenchymal gene expression signature compared with those having proneural or proliferative signatures. This trend was also apparent when excluding IDH1 mutant tumors, which are known to be primarily in the nonmesenchymal molecular subtype. The authors noted that the volume of contrast enhancement plus necrosis could be used to identify the mesenchymal subtype with 76 % sensitivity and 65 % specificity, while the ratio of T2/FLAIR hyperintense volume to the volume of contrast enhancement plus necrosis less than 2.3 had an 82 % sensitivity and 87 % specificity of identifying the mesenchymal subtype.
Zinn et al. [40• ] took a fundamentally different approach for examining the relationship between tumor volumetry and pathological features. Instead of examining volume differences between phenotypes with known prognostic or therapeutic phenotypes, investigators used data from The Cancer Genome Atlas (TCGA), quantified the volume of T2/FLAIR hyperintensity, binned the volumes into high, medium, and low volumes, and then examined which genes were upregulated or downregulated within these groups. Investigators identified an association between high T2/FLAIR volumes, upregulation of periostin (POSTN), and downregulation of miR-219, a microRNA predicted to bind with POSTN.
Investigators also noted high levels of POSTN found to be associated with mesenchymal tumors and shortened survival and further concluded that this approach may be valuable for identifying new targets for molecular inhibition or future therapies.
A separate study by Zinn et al. [41] also used data from the TCGA to develop a biomarker consisting of tumor volumeage-Karnofsky performance status (KPS) (VAK) to predict prognosis in GBM. Investigators determined the volume of contrast-enhancing tumor regions, and then categorized the volumes as being large or small using a 30-cm 3 cutoff threshold. The study found that patients with a favorable biomarker signature, consisting of either young patients, patients with a high KPS, or a small tumor volume, was associated with genomic and microRNA signatures consistent with programs involved in p53 activation, whereas an unfavorable biomarker signature was associated with programs involved in p53 inhibition.
In a TCGA study by Gutman et al. [42] , investigators used semi-quantitative measurements of tumor size and radiographic composition. Trained radiologists from a range of institutions estimated total lesion size using bidirectional measurements on T2 or FLAIR images, then described the composition of the tumor by assigning percentages to the amount contrast-enhancing tumor, nonenhancing tumor, edema, and necrosis. These percentages were then binned by predefined ranges. Consistent with previous observations [13••, 37, 39•], investigators noted that proneural tumors had significantly lower proportions of contrast-enhancing tumor while mesenchymal tumors had lower levels of nonenhancing tumor. 1 Authors also examined whether there was a link between the radiographic composition of the tumor and mutation status (e.g., EGFR, IDH1, NF1, PIK3CA, PTEN, etc.) or copy number variations but did not find any significant associations.
Descriptive Radiographic Features and Genetic Composition
Although there appears to be associations between tumor location or tumor size and pathological markers, these simple measures fail to capture sophisticated features intuitively used by the neuroradiologist to diagnose and characterize the aggressivity and behavior of the tumor. Such descriptive radiographic features are difficult to quantify but are often invaluable in radiogenomic analyses in other cancers [43, 44] . Pope et al. [12•, 20 ••] first developed a set of semi-quantitative radiographic descriptive features for use in GBM in order to link these features with both survival and gene expression signatures. These investigators noted that tight junction protein-2 (zonula occluden-2), a protein that acts to maintain the BBB, was upregulated in incomplete enhancing tumor compared with contrast-enhancing tumor. Additionally, they noted that oligodendrocyte lineage transcription factor 2 (OLIG2) and achaete-scute complex-like 1 (ASCL1), which is associated with secondary GBM, were increased in incomplete enhancing tumors, while contrast-enhancing tumors tended to have overexpression of genes associated with the hypoxia-angiogenesis-edema pathway in GBM, notably VEGF [45, 46] as well as matrix metalloproteinase-7 (MMP7), which is thought to be involved in the destruction of the extracellular matrix and tumor cell invasion [47] . Using similar radiographic descriptive features, Diehn et al. [38] confirmed these observations, showing that contrastenhancing tumors had upregulated activity of the hypoxia module, consisting of VEGF, ADM, PLAUR, SERPINE1, and CA12 [48] . These investigators also noted a strong association between the presence of mass effect and a proliferation gene expression signature involving genes associated with proliferation and cell-cycle progression (TOPA, CDC2, and BUB1B) [49] , suggesting that tumors with infiltrative nonenhancing tumor share gene expression programs with glial progenitors or CNS stem cells and genes associated with gliogenesis.
A study by Carrillo et al. [37] utilized the same feature set introduced by Pope et al. [12•] to describe the relationship between radiographic features, IDH1 mutational status, MGMT promoter methylation status, and clinical variables in 202 patients with GBM. Investigators noted that the amount of edema present in MR scans could further stratify survival in patients with MGMT methylated tumors, but this association was not present with unmethylated tumors. Additionally, investigators noted the same associations with IDH1 mutation status and predominance in the frontal lobe, as well as the association between lack of contrast enhancement and IDH1 status.
In an attempt to standardize the methodology relating to radiographic descriptive features for GBM, investigators at The Cancer Imaging Archive (TCIA) created the "VASARI" terminology [50, 51] . Largely drawing from the features presented earlier by Pope et al. [12•], the VASARI feature set consists of 24 radiological elements used to describe the morphology of brain tumors on routine contrast-enhanced T1-weighted images (see https://wiki.cancerimagingarchive. net/display/VASARI+Research+Project). Using the set of VASARI features, Colen et al. [52] found that tumors containing invasive imaging characteristics including deep white matter tract involvement, enhancement that crossed the midline, and the presence of abnormal MR signal intensity involving the internal capsule or brain stem were shown to be associated with upregulation of the MYC oncogene, which along with p53 are considered significant regulators of metabolism. [53, 54] , is thought to facilitate aerobic glycolysis [55] , and is involved in the maintenance of stem cell self-renewal ability and tumorigenesis [56, 57] .
In summary, scientific evidence appears to support the hypothesis that genetic and/or molecular alterations within GBM manifest as specific, macroscopic, observable changes in standard anatomic imaging. General radiographic features including contrast enhancement on post-contrast T1-weighted images, hypointensity on pre-contrast T1-weighted images, and hyperintensity on T2-weighted images are associated with common histological attributes within the underlying tumor tissues, namely angiogenesis, proliferative tumor, macroscopic necrosis, edema, and nonenhancing tumor. Using these basic features, investigators have shown that tumor location, composition, sizes, and descriptive features can be used to identify more complex biological behaviors relating to genetic and molecular programs activated or inhibited in individual tumors.
Diffusion MRI-Pathology Correlations
Although anatomical imaging appears to capture specific biological characteristics of the underlying tumor tissues, physiologic imaging measures may be able to provide additional insight into the functional behavior of these tissues, which is hypothesized to be reflective of inherent genomic or molecular programs. Diffusion-weighted imaging (DWI) is an MR imaging technique that allows for quantification of microscopic, subvoxel water motion for which an apparent diffusion coefficient (ADC) can be estimated, which reflects the overall magnitude of water motion. Diffusion tensor imaging (DTI) is a DWI technique in which the magnitude and direction of water self-diffusion are quantified. In densely packed tumor regions, investigators have hypothesized that cell membranes and other structures restrict free movement of water molecules, resulting in a lower measured ADC [58] . Subsequent studies have supported this hypothesis, particularly in treatment of naïve tumors, empirically demonstrating a negative correlation with tumor cell density [58] [59] [60] [61] [62] [63] [64] [65] . This relationship can be confounded by a number of factors including ischemia [66, 67] , differences in cell shape [68, 69] , and the presence of infection or inflammation [70] [71] [72] . Thus, changes in DWI or DTI parameters are to be interpreted with caution, particularly during therapeutic interventions.
An image-guided biopsy study performed by Barajas et al. [73• •] examined the regional variations in histopathological features in anatomical and physiologic MR images. Investigators noted that diffusion MR parameters including relative ADC (i.e., ADC within the tumor relative to normal-appearing contralateral white matter) and relative fractional anisotropy or FA, a scalar measure relating to the directional dependence of water self-diffusion derived from the diffusion tensor [74, 75] , within areas of nonenhancing tumor showed a significant association with key histopathologic features. In particular, this study showed that ADC was inversely correlated with "tumor score," a composite parameter with a host of histological features, as well as proliferation rate observed on Ki-67 IHC and architectural disruption noted on SMI-31 staining. Additionally, FA was shown to be positively correlated with delicate microvasculature as well as architectural disruption. Together, these results support the hypothesis that low measures of tumor ADC are associated with more aggressive histological features in GBM.
Instead of using mean values within a tumor region of interest, a study by Pope et al. [76] utilized the distribution of ADC values within pre-treatment contrast-enhancing regions to predict the response to bevacizumab. Specifically, this study fits a double Gaussian mixture model to the ADC histogram extracted from pre-treatment contrast-enhancing regions and noted that the mean of the lower ADC histogram, ADC L , was a significant predictor of both PFS and OS. Consistent with the hypothesis that lower mean ADC L may be a worse prognosis due to higher cellularity and higher proliferation rate, this study and a separate independent multicenter study [77] confirmed that lower mean ADC L values were correlated with shortened survival. Interestingly, another study by Pope et al. [78] also applied this same technique, but to newly diagnosed GBM patients treated with bevacizumab and found opposite trends. Specifically, this study suggested that GBM patients with higher ADC L actually had lower PFS compared to that with patients having lower ADC L ; however, this study also demonstrated that patients with a higher ADC L treated with placebo upfront had a longer post-progression survival when treated with bevacizumab at recurrence, suggesting a higher ADC L that may be favorable for treatment with bevacizumab at recurrence and not in the upfront setting.
Evidence suggests this effect may be due to the apparent differential response of gene expression subtypes to bevacizumab. A recent study by Phillips et al. [79] demonstrated that GBM with the proneural signature had a significantly longer PFS and OS when treated with bevacizumab upfront compared to that with the other phenotypes. Additionally, this study demonstrated that the mesenchymal phenotype had a significantly longer post-progression survival, particularly in the placebo arm where patients received bevacizumab at recurrence, which suggests this phenotype may have a significant survival advantage when treated with bevacizumab at recurrence, but not when given upfront with radiation and temozolomide. Also, tumors with the proliferative gene expression signature did poorly in both the upfront and recurrent setting. When examining the pre-surgical, pre-treatment ADC L characteristics in 31 GBMs with known gene expression phenotypes (Fig. 3) , results suggested mesenchymal tumors tended to have a higher ADC L , proneural tumors tended to have a lower ADC L , and proliferative tumors were always shown to have a significantly lower ADC L when compared with the prognostic threshold of 1.2μm 2 /ms. These results imply that mesenchymal tumors, which tend to have an ADC L >1.2 μm 2 /ms, do not have a benefit from bevacizumab upfront but instead show a survival benefit when given at recurrence. Results also imply that proneural tumors, which tend to have an ADC L <1.2 μm 2 /ms, show a survival benefit upfront but not at recurrence. Lastly, proliferative tumors which almost always appear to have an ADC L <1.2 μm 2 /ms tend to do poorly regardless of when bevacizumab therapy is delivered.
In addition to the relationship between gene expression subtypes and diffusion parameters, a separate study by Pope et al. [80•] attempted to explore novel associations between gene expression and ADC histogram parameters independent of predefined subclassifications. Investigators noted that a total of 13 genes were expressed at twofold or greater levels in tumors with high ADC L compared to that with tumors exhibiting low ADC L characteristics. Approximately half of these genes were associated with collagen or collagen-binding proteins within the extracellular matrix, including decorin. These results suggest tumors with higher ADC L may be associated with more of a proinvasive phenotype, which appears consistent with known characteristics of the mesenchymal GBM subtype. In addition to differences in diffusion characteristics in gene expression subtypes, examination of our probabilistic radiographic atlas has suggested that there may be subtle yet significant differences in diffusion characteristics between MGMT promoter methylated and unmethylated GBM. In particular, we examined pre-surgical, pretreatment ADC maps in 185 GBM tumors (70 MGMT methylated and 115 MGMT unmethylated) and noticed that mean ADC within contrast-enhancing tumor was significantly higher in MGMT unmethylated tumors ( Fig. 4a ; MannWhitney test, P=0.023). This observation appears consistent with a previous report from Drabycz et al. [81] , which demonstrated higher spatial frequencies in MGMT unmethylated tumors using T2-weighted images and further implies that more sophisticated image features like texture may provide additional insight into the underlying biology within spatially heterogeneous tumor tissues.
Perfusion MRI-Pathology Correlation
Perfusion MRI techniques have been used for nearly 20 years for the evaluation of brain tumors. Dynamic susceptibility contrast (DSC)-MRI, the most commonly used perfusion MR imaging technique for GBM, is a first-pass bolus imaging technique based on the indicator-dilution method [82, 83] and was introduced in the late 1980s [84] [85] [86] [87] [88] [89] [90] as a method of estimating relative cerebral blood volume (rCBV), flow (rCBF), and mean transit time (MTT) using the magnetic susceptibility properties of paramagnetic contrast agents (e.g., Gadolinium and other lanthanide chelates) and T2*-weighted MR acquisition methods. Other DSC parameters that have been proposed include relative peak height (rPH), which is related to measures of rCBV given equivalent bolus duration, and percentage of signal intensity recovery (PSR), which is related to capillary permeability. Various investigations have shown that these perfusion parameters reflect important biological information regarding tumor vascular morphometry [73••, 91-93] . In particular, studies have shown that the ratio of relaxation rates R 2 * to R 2 , corresponding to the change in relaxation rate during a gradient echo vs. a spin echo planar acquisition, respectively, is correlated with mean vessel diameter, since gradient echo acquisition is sensitive to all vessel sizes and spin echo acquisition is sensitive to only microvasculature [94] . Additionally, an early animal study by Cha et al. [91] demonstrated that maximum rCBV was a significant predictor of mean vessel diameter, suggesting DSC-MRI estimates of blood volume may be a valuable surrogate for vessel morphology. Despite these promising results, other investigators have noted that these associations are highly dependent on acquisition parameters and methods relating to histological evaluation, particularly noting that slice thickness of imaging and histology and fractional vessel area needs to be taken into consideration [92] . Consistent with these previous studies, Barajas et al. [73••] examined DSC-MRI parameters from image-guided biopsy samples and noted that rCBV showed a positive correlation with composite tumor score, proliferation rate, total microvasculature, necrosis, and tumor cell per high-power field. Additionally, this study showed that rPH, which is highly dependent on the specific acquisition parameters, showed similar correlations with composite tumor score, total microvasculature, simple microvasculature score, and tumor cell number per highpower field. Together, these results suggest DSC-MRI measure of rCBV may be a valuable surrogate for characterizing neovasculature in GBM.
Interestingly, tumors with a significant oligodendroglioma component tend to have higher rCBV, independent of highgrade histopathology. Studies by Lev et al. [95] and Cha et al. [96] both confirmed this trend, demonstrating that low-grade oligodendrogliomas often had elevated rCBV compared to that with astrocytomas of similar grade. Additionally, a study by Whitmore et al. [97] examined grades II and III oligodendrogliomas and compared perfusion parameters between groups based on 1p and 19q status, noting that lowgrade oligodendrogliomas with loss of heterozygosity in 1p or 1p/19q had a significantly higher rCBV compared to that with low-grade oligodendrogliomas exhibiting either intact alleles or loss of heterozygosity in 19q alone.
Based on these associations and the observation that the p r o n e u r a l s i g n a t u r e t e n d s t o b e e n r i c h e d i n oligodendrogliomas [98] , we might hypothesize that proneural tumors may have elevated rCBV compared to other subtypes. In an attempt to test this hypothesis, a recent study by Jain et al. [99] examined DSC-MRI data, TCGA dataset. Investigators noted no significant differences in rCBV measures between gene expression subtypes, either those by Phillips et al. [8•] or Verhaak et al. [4•] . Interestingly, investigators did observe a relatively higher mean and variability when estimating maximum rCBV in proneural tumors. Based on these results, there does not appear to be sufficient evidence to suggest perfusion MRI differs between gene expression subtypes.
Conclusion
In summary, radiogenomics is a provocative new area of research based on decades of previous work examining the association between radiological and histological features. Many generalized associations exist between anatomical imaging and histological features based on this extensive body of knowledge; however, more sophisticated associations between imaging features including tumor location, size, composition, texture, water diffusivity, and perfusion measurements and genomic or molecular programs have only recently been uncovered. Although current results are thought provoking, future studies extending beyond simple radiology-histology associations are warranted in order to establish radiogenomic analyses as tools for prospectively identifying patient subtypes that may benefit from specific therapies. 
